ABSTRACT Molecular communication (MC) is a method where the transmission of information involves the use of chemicals or molecules instead of electromagnetic waves. The study of MC to date has mostly focused on the nano (nm) to micro (µm) scale and there have been only a few experimental studies on the subject of macro-scale. In this paper properties of macro-scale MC are experimented and studied. These are signal flow (q), carrier flow (Q), and bit duration (T ). A mass spectrometer with a quadrupole mass analyzer is used as the detector and an in-house-built odor generator is used as the chemical pulse generator. This paper has shown that the signal energy has a quadratic relation to signal flow whereas the carrier flow has a non-linear relation to both the signal amplitude and the signal energy. The bit duration has shown that the system reaches a saturation point as the bit duration is increased and this effect also occurs in the leftover chemical signal after bit transmission. Finally, a mathematical model is developed for the first time to explain the molecular transmission on the macro-scale using advection-diffusion equation.
FIGURE 1.
The diagram of the experimental setup: (1) (N 2 ) gas is used as the carrier flow (Q) and is transferred into the MFC that control both the carrier flow (blue line) (Q) and the signal flow (yellow line) (q) (2) Modulation information is generated using a computer software (3) generated modulation is transmitted into an automation platform where it sends the modulation to the MFC's to create pulses (4) MFC for the carrier flow (5) MFC for the signal flow (5) Evaporation Chamber (EC) where the signal chemical is injected (7) Mixing chamber where the signal chemicals arrive and initiate the transmission from the transmitter to the detector (8) Semipermeable membrane present in the inlet of the mass spectrometer (9) the inlet of the mass spectrometer (10) electronics control unit (ECU) which controls the mass analyser (11) Pressure gauge (12) Controller and the requlator cables for the mass spectrometer (13) Data acquisition and analysis . a propagation scheme. There are two types of propagation schemes that can be utilized in MC: passive (diffusion) and active (advection-diffusion). However due to the scale of communications (cm -m) it is a better choice to include an active transport mechanism in the communication.
As mentioned, macro-scale MC is a new field with relatively few experimental studies. Some of the fundamental parameters such as the quantity and the advective flow of the system have yet to be studied using experimental methods, in addition to the analysis of these parameters on the properties of the communications such as signal amplitude, energy and SNR.
In [40] a theoretical study was made on the absorption of chemicals based on the Fokker-Plank equation. However in this study the model is based on a variation of the mass transport equation and further developed with experimental data to explain the behaviour of removal of particles (flushing) based on the leftover chemicals present in the detector.
In this study the properties of macro-scale molecular communication are investigated both experimentally and theoretically. These include the signal flow, chemicals that create the signal, carrier flow that help in the transmission of the communication and the bit duration of the pulse. An in-housebuilt gas generator was used to generate the chemicals pulses and a quadrupole mass analyzer with a triple filter were used. The results show the signal flow affects the signal energy quadratically whereas the carrier flow affects the system in a non-linear way for both the amplitude and the energy of the signal. The bit duration shows that there is a saturation point in the transmission (i.e. the point where the system reaches a steady state) and a mathematical model also show that the overall macro-scale communication can be modelled using a generalized version of the diffusion-advection equation.
In this paper the major contribution is the explanation of the effect of introduction and removal (flush) of the chemicals from the detector by using a derived from of general mass transport equations and comparison to experimental values of the communication parameters such as the signal amplitude, signal energy and signal-to-noise (SNR) ratio to show the validity of the model for use in macro-scale molecular communications.
The rest of the paper is organized as follows. In section II, the experimental setup and each component of it is described in detail. Then in section III the mathematical expression is developed that is used to define the propagation. Sections IV, V and VI are the comparison of experimental results to the theoretical model developed in Section III. The paper ends with concluding remarks with future work in Section VII.
II. EXPERIMENTAL SETUP
In order to test the signal flow (q), carrier flow (Q) and the bit duration (T ) of macro-scale MC, two devices were employed. The generation and transmission of chemicals based on a message was made using an in-house-built odor generator, and the detection of the chemical was made with a mass spectrometer (MS) having a quadrupole mass analyzer (QMA). A QMA is an instrument capable of analyzing and distinguishing charged ions or sample molecules by their motion in an applied electric field. The analyzer of the MS allows the detection of ions with a particular mass-to-charge (m/z) ratio [51] , [52] , making it a useful tool for use in MC. The diagram for the experimental setup used in the study can be seen in Figure 1 .
A. TRANSMITTER
A gas dispenser that is controlled by mass flow controllers (MFC's) releases volatile organic compounds (VOC) (placed into an evaporation chamber) called the signal flow (in this experiment the signal flow is chosen as acetone), whereas the VOLUME 6, 2018 FIGURE 2. The working diagram of the gas generator [53] (1) Introduction of the carrier gas (Q) into the mixing chamber (2) Mixing chamber where the evaporated chemicals from the chamber and the carrier gas are mixed (3) evaporation chamber ( Figure 3 ) (4) Transmitted chemicals that are released from the chamber. (5) A modulation sequence that is used to create gas pulses.
flow passing through the mixing chamber is called the carrier flow (N 2 ) [37] , [53] .
VOCs are chemicals that can transmit from the liquid to the gas phase at ordinary room temperature and pressure. This property is caused by the low boiling point of the chemical, which forces large number of molecules to evaporate from its liquid or sublimate from its solid phase and mix-in with the surrounding air, known as volatility. Most odors are comprised by VOCs.
The MFC's are connected directly into the N 2 gas cylinder and controlled directly by a computer and an automation platform. The automation platform sends digital commands to the MFC and the internal valve inside can be controlled to create gas pulses. In this setup, there are two flows present; one is responsible for transporting the samples from the evaporation chamber into the mixing chamber (signal flow q). The second one is responsible for carrying the signal chemicals from the mixing chamber to the transmission medium (carrier flow Q). The diagram for odour gas generator can be seen in Figure 2 and the evaporation chamber can be seen in Figure 3 . When the gas leaves the mixing chamber and transmits through the medium it is defined as bulk flow (B) [37] , [53] .
B. CHEMICALS
In these experiments three types of chemicals were employed. A Zero-grade N 2 (% 99.998 purity) was chosen for the carrier gas (Q) that carries both the signal chemical from the transmitter to the detector and transports the signal chemical from the evaporation chamber to the transmitter. The signal gas (q) was chosen as acetone (% 99.8 purity, CAS Number: 67-64-1), which was both diluted in methanol (over % 99.9 purity). The dilution in methanol produced a ≈ % 9 solution of concentration of the sample (1-part acetone, 10-part methanol). Both acetone and methanol were introduced to the system in its liquid phase. and N 2 was stored in its gas phase. 
C. DETECTOR
A portable membrane inlet mass spectrometer (MIMS), provided by Q Technologies Ltd., was used as the primary sensor for detecting the transmitted chemicals. The applications and the properties of the MIMS are described in the literature [54] - [59] . A MIMS consists of three primary parts: a sampling probe that lets the gas sample to pass membrane for the MS to analyze, A triple filter quadrupole mass spectrometer (QMS), which in turn consists of an electron ionization source (EI), mass analyzer and a detector and finally a vacuum system. with the inlet of the system having a fine non-sterile flat polydimethylsiloxane membrane [37] , [57] . Additional details about the detector and the overall design of the system can be found in [37] .
Chemical introduction into the system is done through a non-sterile flat polydimethylsiloxane (PDMS) membrane. Due to the presence of the membrane, each chemical can have a different arrival time and because each chemical can interact with the membrane differently, each chemical can have a different absorption rate [37] . The details of the membrane and its applications can be seen in [57] .
In this study, parameters of macro-scale molecular communications are experimented. These a parameters are as follows; signal flow (q), carrier flow (Q) and the bit duration (T ). All experiments are conducted in open-air where the is no boundary (i.e. pipe) between the transmitter and the detector and the distance between is x = 2.5 cm.
In the following section a mathematical model is developed to explain the signal pulses of a molecular communication system.
III. TRANSMISSION OF MOLECULES
A communication based on the transmission of particles (i.e molecules, silt, pollutants etc.) can be explained using the mass transport phenomena. This can be briefly explained as the exchange of mass, energy, charge and momentum between observed systems. Since molecular communications utilizes the mass of the particles in the exchange between systems, Fick's 2 nd law can be used to describe the system when there is no flow present in the system [60] .
At micro scales (nm -µm) the above equation can be used to model and explain the whole system. However at macro-scales (cm -m) the system needs external propulsion to transmit the chemicals. Therefore an additional parameter, the advection flux, is needed to introduce the flow component into the system. To describe the system, a generalized expression of advection-diffusion (general scalar transport [61] ) equation is used.
To simplify the equation, it is assumed that the diffusion coefficient (D) is constant, there are no sources or sinks (R = 0), and the velocity has zero divergence. Based on these the equation can be rewritten as
The solution for the partial differential equation with an instantaneous (t = 0) and localized (x = 0, y = 0, z = 0) for 1D, 2D and 3D releases are as follows
Where M is the mass introduced into the system (kg), D x , D y and D z are the diffusive coefficients in x, y and z coordinates respectively (cm 2 /s) A yz and L z are the areascale and length-scale of the neglected dimensions. t is the duration of the experiment (s), C is the concentration of the chemical in 1D, 2D and 3D (kg/m, kg/m 2 and kg/m 3 ) and η x , η y and η z are the moving reference frames with the following descriptions. In macro-molecular communications, the diffusion (D x , D y and D z ) caused by the particles may be governed by a combination of momentum and turbulent diffusion.
Where x 0 , y o and z o are the injection points of the mass, u x , u y and u z are the mean flow velocity and u x t, u y t and u z t are the distances the centre of mass of the cloud travelled in a given time of t. At the beginning of the transmission (t = 0) chemicals are released into the system instantaneously. This is described as a Dirac function (B) As the system evolves the chemicals stars to propagate to the detector, however due to the diffusive nature of particles, some particles will propagate against the detector (C) After enough time has passed the detector will have absorbed all the chemicals in the system.
To model the molecular transmission, the detector is assumed ideal (i.e. when absorbed the particles are not released and given enough time the detector will have absorbed all the particles in the system) and the injection point of the chemical is measured as x 0 = 0. The visual representation of the model can be seen in Figure 4 . For a bit duration of T, the particle concentration of the bit value of 1 in 1D can be expressed as
Therefore the the particles that are absorbed by the detector can be shown as
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When the duration the transmission has ended for bit 1, the system will introduce the flush concentration to the system. This will counteract the particles present in the detector and start to deplete the chemicals from the detector. However, since the time it takes for the detector to absorb all the chemicals in the system can take longer than the duration of the bit, the particles that have been absorbed by the detector should be calculated which can be less than the particles released from the transmitter. Therefore particle in the detector can be calculated as
The concentration that produces the flush (bit 0) part of the transmission can be written as.
In this method of transmission, a measure of which part is dominant (advection or diffusion) can be estimated by using a dimensionless parameter called a Péclet Number. This is defined as
For systems with Pé 1, the diffusion property dominates the system and for Pé 1, the advection (flow) dominates. Based on Eq. (17) it can be inferred that as the transmission evolves and the transmission distance increases, the system will eventually become advection based and diffusion will play a lesser part in macro-scale molecular communications with a flow present in the system.
IV. SIGNAL FLOW
Signal flow (q), in the system, is defined as the concentration value of the chemical that is used in the transmission of information. As a way of introducing the chemicals to the system, this property of the transmission can be correlated to the M parameter of the equation given in Eq. (5) in Section II. However, unlike the M parameter which describes a mass, in the experiment M consists of volatile organic compounds (VOCs) in gas form. In addition since this property in the experimental setup is by nature flow, and not a direct injection of particles, the M parameter can change if the carrier flow (Q) property is varied which will be discussed in Section V.
In the setup, mentioned in Section II, this property is controlled by using mass flow controllers (MFC's) and an automation platform. An experiment was conducted to test the communication properties of the signal flow (q) for molecular communications and the parameters for the experiment are given in Table 1 .
A. SIGNAL PROPERTIES
The results for the signal flow transmission experiments can be seen in Figure 5 and 6. As it can be seen, the signal increases in amplitude and the relation between these parameters is linear as seen in Figures 5 and 6 . However, the increase 
FIGURE 5.
Experimental results of the signal flow transmission experiment where signal flow is q = 1 ml/min to 10 ml/min with 1 ml/min increments. of signal creates increased distortion which can be observed in Figure 5 . Therefore the effect the variance (σ 2 ) of the signal when signal flow is varied is measured. The variance is calculated as
Based on the experimental results, the variance of the signal with respect to the signal flow (q) can be seen in Figure 7 (a) and can be approximated as (19) This is due to the fact that as the signal flow (q) increases, the chemicals present in the system increase as well, which increases the number of particles diffused in a way that is detrimental to the transmitted signal.
To calculate the signal correlation between two signals the Pearson correlation coefficient is used. The equation of the coefficient is given below. The result can be seen in Figure 7 (b). As it can be seen the signal quantity increase has a negative effect on the correlation to the original signal (q = 1 ml/min). This is caused by the diffusion of particles which in turn is caused by increased introduction of chemicals into the system.
B. SIGNAL ENERGY AND SNR
When a sample is to be analyzed by a MS, the sample is ionized and detected by a detector. In our system the detector produces current (I ) from the introduction of the samples (θ ). Therefore, the energy of a continuous signal (φ C ), can be calculated using 
Based on Eq. (23), it can be seen that the signal flow parameter (M ) has a quadratic relation to the energy the signal produces. However due to the presence of error functions in the equation, the comparison of experimental results to derived data was done numerically, which can be seen in Figure 8 .
To calculate the signal-to-noise ratio of the system the following equation is used.
Where N is the power of the noise. In the experiment, the noise is analysed experimentally by calculating the variance of the noise (σ 2 N ) and modelled as Additive White Gaussian Noise (AWGN) with the following mathematical expression.
The results for the SNR value comparison can be seen in Figure 9 .
C. MODELLING OF THE SIGNAL
To test the validity of the model described in Section II, three values of the signal flow experiment (q = 3 ml/min, 6 ml/min and 9 ml/min) were compared to the results obtained from theory. The result of this comparison can VOLUME 6, 2018 be seen in Figure 10 . As it can be seen the model shows agreement with the experimental results. However, it should be pointed out that the chemical that are 'flushed' out of the system occur in a faster rate than the model would normally predict. However, by introducing a parameter to the flush velocity, the model's values approaches to the experimental results. This effects occurrence can be caused by the membrane in the inlet sampling probe of the detector.
V. CARRIER FLOW
Carrier flow can be defined as the flow which aids the transmission from the transmitter to the receiver. The flow decreases the amount of time needed to travel the distance thereby increasing the transmission speed, however the introduction of a carrier flow decreases the concentration of the 
FIGURE 11.
Experimental results of the carrier flow transmission experiment where carrier flow is Q = 500 ml/min to 5000 ml/min with 250 ml/min increments.
signal flow which decreases the amplitude of the signal. An experiment was conducted to test the communication properties of the carrier flow (Q) for molecular communications and the parameters for the experiment are given in Table 2 .
A. PROPERTIES OF THE SIGNAL
The results of the signal flow transmission experiments can be seen in Figure 11 and the maximum amplitude values of each transmission can be seen in Figure 12 . As it can be seen, the signal sees a decrease in amplitude as the flow velocity is increased. This is due to the desaturation of the signal chemicals that are transmitted. This effect occurs because of the way chemicals are transmitted in the experimental setup. Increased carrier flow decreases the amount of chemicals that are transmitted from the mixing chamber to the transmission medium. As the carrier flow is increased the pressure in the mixing chamber increases as well, which in turn causes a negative effect on the introduction of the signal flow into the evaporation chamber (EC). This effect can be approximated by the following equation.
Experimental results of the maximum amplitude generated where carrier flow is Q = 500 ml/min to 5000 ml/min with 250 ml/min increments (M = 0.8 ng, D = 0.35 cm 2 /s, x = 2.5 cm) (R 2 = 0.97). Where E 1 is the exponential integral. By introducing the equation into the calculation the new mass can be calculated. Based on this, it can be seen in Figure 12 that the model shows an agreement to the experimental results.
As the flow value increases, the shape of the signal becomes similar to that of a square wave.This behaviour can be explained by taking the limit of the absorbed concentration function θ C (x, t).
This is because the dominance of the flow (advection) rises and the effect of random movements (i.e. diffusion) becomes less apparent. This effect can be also seen in the variance (σ 2 ) of the signal in Figure 13 (a) . The decrease in signal correlation can also be observed in Figure 13 (b) , however unlike the signal flow where diffusion plays a role, in carrier flow the decorrelation is caused by the lack of particles in the system and the signal level approaching to the background noise of the detector.
B. SIGNAL ENERGY AND SNR
The signal energy for the carrier flow experiment can be calculated from Eq. (23) . As mentioned in the signal flow experiment numerical results are calculated and used for comparison to experimental data. The results can be seen in Figure 14 for signal energy and in Figure 15 for SNR values.
C. MODELLING OF THE SIGNAL
In Figure 16 the comparison of an experimental signals (E) to the modelled signals (T) are shown. As it can be seen, the model is able to predict the signal in lower flow values VOLUME 6, 2018 however as the flow is increased the model diverges from the experimental data.
VI. TRANSMITTED BIT DURATION
Transmitted bit duration (T ) is briefly explained as the time each bit is given. Depending on the duration given, different properties of the communication system might occur. One of the properties and a problem for MC is the leftover chemicals influencing the next bit. This effect, known as Inter-symbol Interference (ISI), is a problem that limits the throughput of the system. The parameters for the experiment are given in Table 3 .
A. TRANSMITTED SIGNAL
The experimental result for the transmitted signal with varying length can be seen in Figure 17 . It can be seen that as the bit duration (T ) is increased the signal sees an increase in its amplitude and from Figure 19 sees an increase in the background noise (leftover from the bit transmission). However the rise of both the amplitude and the background signal decreases as bit length is increased. This behaviour is due to the detector reaching to the point where it absorbs all the chemicals in the bit transmission.
VII. CONCLUSION
In this paper, three main properties of macro-molecular communications are analyzed: signal flow (q) and carrier flow (Q) and the bit duration (T ). Signal flow generates the signal used in transmission and the carrier flow aids in the transmission by decreasing the time of response. To test these properties an experimental setup was utilized, consisting of a in-house built odor generator that generates the necessary pulses to create chemical messages and a quadrupole mass analyzer (QMA) with a membrane inlet to detect the transmitted chemical messages. Experiments on the signal analysis shows that the signal energy is quadratically dependent of the signal flow introduced into the system. Carrier flow (Q) behaves in a more complex way compared to the signal flow and has both advantages and disadvantages of using it. The presence of the carrier flow decreases the effect of the diffusive properties of the signal chemicals and make the signal behave similar to that of a square wave but the carrier flow diminishes the signal amplitude and therefore the energy, which can make the detection of the signal a challenge if the transmission is along a considerable distance. A final experiment was conducted to test the effects of bit duration of the communication system. The leftover chemicals from the transmission sees an increase as the bit duration is increased however, after a certain bit duration length, the system reaches a stable point which may be the effect of the membrane in the system.
A mathematical model for molecular communication is developed based on the absorbed chemicals in the transmission and based on the generalized form of the diffusionadvection equation. The model shows agreement with the experimental results by explaining the behaviour of the properties of the parameters studied in the paper. In future, the model will be developed further to explain the transmission of messages using molecular communications and the analytical calculations of Bit Error Rate (BER) with comparison to experimental data along with analysis of M-ary modulation will be studied. VOLUME 6, 2018 
